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Abstract Antifreeze proteins (AFPS) bind to the ice
crystals and then are able to inhibit the freezing of
body fluid at subzero temperatures. Type Ill AFPs
are categorized into three subgroups, QAEL, QAE2,
and SP isoforms, based on differences in their
isoelectric points. We prepared the QAE2 (AFP11)
and SP (AFP6) isoforms of the notched-fin eelpout
AFP and their mutant constructs and determined their
temperature gradients of amide proton chemical
shifts (AS/AT) using NMR. The nfeAFP11 (QAE2)
has the distinct AS/AT pattern of the first 310 helix
compared to the QAEL isoforms. The nfeAFP6 (SP)
has the deviated AS/AT values of many residues,
indicating its backbone conformational distortion.
The study suggests the distortion in the H-bonding
interactions and backbone conformation that is
important for TH activities.
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Introduction

Antifreeze proteins (AFPs) are capable of depressing
the freezing point (Tf) of body fluid below the
melting point (Tm) to promote the survival of living
organisms at subzero temperatures.®* The type Il
AFPs have been categorized into two sub-groups,
quaternary-amino-ethyl (QAE) and sulfopropyl (SP)

Sephadex-binding isoforms, based on differences in
their isoelectric points, and the QAE proteins can be
further divided into QAE1 and QAE2 subgroups.®
The Japanese notched-fin eelpout (Zoarces elongates
Kner) produces 13 different isoforms of type 11l AFP
(denoted nfeAFP1 — nfeAFP13), which have been
divided into six SP (nfeAFP1 — nfeAFP6), four
QAEl (nfeAFP7 — nfeAFP10), and three QAE2
(nfeAFP11- nfeAFP13) isoforms. The QAE1l
isoforms exhibit full thermal hysteresis (TH) activity
and can completely arrest ice crystal growth at
temperatures below the Trof a solution. In contrast,
the SP and QAE2 isoforms are incapable of
preventing the growth of ice crystals and thus have
extremely low or no TH activity. The ice-binding
surface (IBS) of a type Il AFP is composed of
solvent-exposed residues from two parts of the amino
acid sequence (residues 9-21 and 41-44; Fig. 1A).
The IBS consists of two adjacent surfaces, which
bind to the pyramidal and primary prism planes of
the ice crystal, respectively.® And the relative
hydrophobicity and flatness of the IBS are thought to
be important for antifreeze activity. The SP isoform
(nfeAPF6) and QAE2 isoform (nfeAFP11) from
Japanese notched-fin eelpout could be converted into
active mutants (nfeAPF6_tri and nfeAFP11_tri)
obtained by changing the IBS with the corresponding
residues of QAEL, which exhibits TH effects similar
to those of its paralogue QAEL.”° The nfeAFP6_tri
(P19L/A20V/G42S) and nfeAFP11_tri
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Figure 1. (A) Multiple sequence alignment of the type Il AFPs. nfeAFP6, nfeAFP8, and nfeAFP11 are the
isoforms 6, 8, and 11 of the notched-fin eelpout type 11 AFP, respectively. Yellow bars indicate invariant or
nearly invariant residues in the type I11 AFP family. Red, blue, and green bars indicate variant residues in the
IBS of type Il AFPs. The x and # symbols represent residues composing the pyramidal and primary prism
plane-binding surfaces, respectively. IBS of (B) the QAEL isoform, (C) QAE2 isoform, and (D) SP isoform
of type Il AFPs. The surfaces binding to the pyramidal plane of ice are colored yellow and the surfaces
binding to the primary prism plane of ice are colored magenta, cyan, or green.

(V9Q/V19L/G20V) mutants were structurally
compared with QAE1 (Fig. 1B). To understand the
antifreeze activity of nfeAFP isoforms, we performed
NMR experiments on wild-type (wt) nfeAFPS6,
nfeAFP11, and two mutants.’® We characterized the
structural properties of the IBS of the wt and mutant
by analyzing the temperature gradient of the amide
proton chemical shift and its correlation with the
chemical shift deviation (CSD) from random coil.
Structural changes were observed in the active
QAE1-like mutants compared to the fully active wt
QAE1 isoform. Our structural studies provide
valuable insights into the molecular mechanism of
the antifreeze activity of type 111 AFPs.

Experimental Methods

Sample preparation- The DNA coding sequences for
the wt nfeAFP11 and wt nfeAFP6 and their mutants,

nfeAFP11_tri and nfeAFP6_tri, were purchased from
BIONEER Inc. (Daejeon, Korea) and cloned into E.
coli expression vector pET28a, which has an
N-terminal ~ His-tag. To produce uniformly
>N-labeled wt and mutant nfeAFPs, BL21(DE3)
cells were grown in an M9 minimal medium that
contained 1 g/L SNH.CI as the sole nitrogen source.
The ®N-labeled proteins were purified by a Ni-NTA
affinity column and a Sephacryl S-100 gel filtration
column on a GE AKTA FPLC (GE Healthcare,
Chicago, IL, USA). The protein samples were
dissolved in a 90% H»0/10% D0 buffer containing
10 mM sodium phosphate (pH 6.0) and 100 mM
NaCl. The concentrations of protein samples were
determined using a Pierce BCA Protein Assay Kit
(Thermo Fisher, Scientific, Waltham, MA, USA).

NMR experiments- All of the H and N NMR
experiments were performed on an Agilent DD2
700-MHz NMR spectrometer (GNU, Jinju, Korea)
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Figure 2 Temperature gradients of amide proton chemical shifts (A3/AT) of (A) wt nfeAFP11 and nfeAFP11_tri
and (B) wt nfeAFP6 and nfeAFP6_tri as a function of residue number.

equipped with a triple-resonance probe. All
two-dimensional (2D) H/*N-HSQC experiments
were carried out with samples of 1 mM >N-labeled
wt and mutant nfeAFPs at 5 °C ~ 25 °C. 2D data
were processed with the program NMRPIPE! and
analyzed with the program NMRFAM-Sparky.*? The
ASIAT values of the amide protons were determined
from linear variation of the NH chemical shifts with
temperature. The amide proton CSDs (8obs — Orc) at
25 °C were calculated from the observed chemical
shifts (Sons) and the corresponding random coil (3yc)
values taken from the literature.'®

Results and Discussion

Temperature gradients - The amide chemical shifts
of proteins are sensitive to the environment of the
observed nuclei and provide information about
temperature-related structural or dynamic
changes.**!® Fig. 2A shows the temperature gradients
of amide proton chemical shifts (A8/AT) in the wt
nfeAFP11 (QAE2) and nfeAFP11_tri which were
compared with those of wt nfeAFP8 (QAE1). As
temperature decreases, the water signal is downfield
shifted and the AS/AT value of water is —4.6 ppb-K.
Many residues have AS/AT values > —4.6 ppb-K™,
indicating that these amides are H-bonded.'®
Conversely, the AS/AT values < —4.6 ppb-K~* indicate
that the amide protons of these residues were not
protected from the exchange by H-bonding. In all of
the proteins, residues N14, T15, 137, V45, and V60

have AS/AT values > 0 ppb-K2, similar to the QAE1
isoform AFP HPLC12 from the ocean pout
(Macrozoarces americanus).'® In T18, V20, and M22
clear differences are observed and nfeAFP11_tri
shows a similar pattern to nfeAFP8. In other residues,
there are no clear differences nfeAFPs.

Fig. 2B shows the AS/AT in the wt nfeAFP6 (SP)
and nfeAFP6_tri compared with wt nfeAFP8 (QAEL).
The overall pattern of the AS/AT values in nfeAFP6
and nfeAFP6_tri was similar to each other. In both of
nfeAFP6 and nfeAFP6_tri, residues E3, F34, 140,
V41, G52, M59, Y63 and A66 have AS/AT values > 0
ppb-K~1. However, it was a little different from
nfeAFP8, probably the difference in isoelectric points.
Nevertheless, in A7, T8, V20, M22, and Q44 some
differences are observed and nfeAFP6_tri shows a
similar pattern to nfeAFP8. The overall patterns of
the AS/AT values in all proteins were very similar to
each other, although each mutation slightly affected
the residues in the first 310 helices (T18-M22).

Chemical shift deviation — Previous statistical studies
reported that the AS/AT values exhibited a linear
correlation with their CSD values.'” To characterize
in detail the structural and dynamic properties of the
wt and mutant nfeAFPs, a combined analysis of
AS/AT values with CSD was performed, and
correlation plots are shown in Fig. 3. In all proteins,
residues 111, N14, T15, and S42/G42 of the IBS have
AS/AT values significantly lower than the statistical
correlation line between AS/AT and CSD (AS/AT =
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Figure 3. The amide proton A3/AT — CSD correlation plots of (A) wt nfeAFP11, (B) nfeAFP11_tri, (C) wt
nfeAFP6, and (D) nfeAFP6_tri. Solid lines indicate the statistical cutoff, AS/AT = -2.41 x CSD — 2.11. The
residues composing the ice-binding surface are shown in blue. The residues at mutation sites are highlighted

in red.

-2.41 x CSD - 2.11) (Fig. 3). These results indicate
that these residues contributed to stabilizing the IBS
via strong H-bonding interactions and slowly
exchanged with solvent water. In contrast, their
neighboring residues, L10, 113, and A16 were above
the statistical cutoff line, suggesting that these
residues are not H-bonded and rapidly exchanged
with solvent water.

In wt nfeAFP11, the residues in the first 310 helix
(T18-M22) show a unique pattern of AS/AT (Fig.
3A). Residue T18 has significantly larger AS/AT
values than the statistical cutoff line, while residues
L19 and M21 are located near the cutoff line (Fig.
3A). The CSD value of G20 in nfeAFP11 is ~ 0 and
then G20 is close to the statistical cutoff line (Fig.
3A). However, in nfeAFP11 tri, the CSD of the

corresponding V20 of is less than -0.6 ppm (Fig. 3B).
As a result, residue V20 is more deviated from the
cutoff line compared to G20 of nfeAFP11 (Fig. 3).
The similar results were observed for nfeAFP8 and
its triple mutant, nfeAFP8_tri.° These data indicated
that the replacement of G20 in nfeAFP11 with valine
recovers the H-bonding interactions within the first
310 helix like those of the QAEL isoform, nfeAFPS.

In wt nfeAFP6 and nfeAFP_tri, the residues in the
first 310 helices (T18-M22) show a similar pattern of
AS/AT to nfeAFP11_tri (Fig. 3C, D). However, unlike
nfeAFP11 (Fig. 3A, B) and nfeAFP8,® many residues
of nfeAFP6 are located at different positions from
those of nfeAFP6 tri (Fig. 3C, D). These data
indicated that nfeAFP6 tri exhibit a distinct
backbone conformation compared to wt nfeAFP6,
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even though these two proteins have similar
H-bonding interaction patterns to each other.

In summary, we determined the AS/AT values of the
wild-type notched-fin eelpout AFP and their mutant
AFP using NMR spectroscopy. The AS/AT pattern of
the first 310 helix in nfeAFP11 (QAE2 isoform) is
quite different (especially, G20) from those of
nfeAFP8 (QAE1l isoform) and nfeAFP11_tri
(QAE1-like), indicating the disruption of H-bonding
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interaction in the first 310 helix of QAE2 isoforms. In
the SP isoform, nfeAFP6, the AS3/AT values of the
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